Abstract: 25mW-output-power-Er/Brillouin-oscillator and a periodically-poled optical fiber with a quasi-phase-matching resonance at 1.56µm are the simplest way to realize nanosecond, all-fiber laser sources operating at ~778nm and ~389nm. 25W-peak-power-pulse-train generated at ~778nm with 120mW-diode-pumping is reported. In principle, second-order nonlinear optical processes can be implemented in all-fiber configurations by using a periodically poled fiber as second-order nonlinear medium with quasi-phase-matching [1,2] and a fiber laser as pump source. In the past, second-harmonic generation (SHG) was demonstrated in periodically poled fibers using solid-state lasers [1, 3] or master-oscillator-power-amplifier (MOPA) configurations as pump sources [4] . In order to fully exploit the advantages of all-fiber configurations (low-cost, robustness, compactness, flexibility) and to optimize nonlinear wavelength conversion processes in the periodically poled silica fiber (PPSF), a fiber laser with appropriate characteristics is needed. The requirements for the fiber laser (to be used as pump source for e.g. SHG) are as follows: 1) it must deliver high-peak power pulses in order to obtain high conversion efficiency of the pump; 2) its optical spectrum must be located inside the quasi-phase-matching (QPM) resonance band of the PPSF, which is about ~1 nm for a 10 cm long device. A self-Q-switched erbium fiber laser employing multi-cascaded stimulated Brillouin scattering (SBS) process [5] can potentially meet all these requirements and, moreover, can bring simplicity of configuration and possibility of wavelength tuning.
In principle, second-order nonlinear optical processes can be implemented in all-fiber configurations by using a periodically poled fiber as second-order nonlinear medium with quasi-phase-matching [1, 2] and a fiber laser as pump source. In the past, second-harmonic generation (SHG) was demonstrated in periodically poled fibers using solid-state lasers [1, 3] or master-oscillator-power-amplifier (MOPA) configurations as pump sources [4] . In order to fully exploit the advantages of all-fiber configurations (low-cost, robustness, compactness, flexibility) and to optimize nonlinear wavelength conversion processes in the periodically poled silica fiber (PPSF), a fiber laser with appropriate characteristics is needed. The requirements for the fiber laser (to be used as pump source for e.g. SHG) are as follows: 1) it must deliver high-peak power pulses in order to obtain high conversion efficiency of the pump; 2) its optical spectrum must be located inside the quasi-phase-matching (QPM) resonance band of the PPSF, which is about ~1 nm for a 10 cm long device. A self-Q-switched erbium fiber laser employing multi-cascaded stimulated Brillouin scattering (SBS) process [5] can potentially meet all these requirements and, moreover, can bring simplicity of configuration and possibility of wavelength tuning.
Here, for what we believe to be the first time, we propose a low-cost solution for all-fiber frequency-doubled laser sources by combining two ingredients: 1) a self-Q-switched erbium/SBS fiber laser that generates ~5 ns pulses with a bandwidth of ~0.25 nm and a peak/average power contrast up to ~1000 W/25 mW; 2) a periodically poled fiber with QPM resonance around ~1556 nm. We demonstrate that, in spite of the low average power (~250 µW) associated with the random nature of erbium/SBS laser pulsation [5] , the peak power of second-harmonic pulses at ~778 nm lies within the ten-Watts-scale and is high enough to generate the fourth harmonic at ~389 nm in a cascade process. In practice, simple bending of fiber allowed us to completely suppress the residual pump and to select the second and fourth harmonic signals. The advantage of the proposed solution relies in the specific suitability of the nanosecond pulses generated through the multi-cascade SBS process for nonlinear interaction. Since the optical spectrum of the pulses contains several SBS components (the SBS shift is ~11 GHz) locking between them could considerably enhance values of peak power available for SHG. The scheme of the reported all-fiber laser source is shown in Fig.1 . The all-fiber format of the configuration is maintained by direct splicing of standard low-cost telecom components. The configuration is pumped by a 120-mW laser diode at ~1480 nm. The Er/Brillouin oscillator [5] generates a pulse train with a repetition rate of ~4 kHz. Most of the laser intensity is emitted through three SBS components localized near the Stokes side of the FBG reflection a1876_1.pdf CTuI3.pdf 1-55752-813-6/06/$25.00 ©2006 IEEE spectrum within ~0.25nm (see Fig.2(a) ). A ~40-GHz-bandwidth FBG used in the cavity sets the fundamental laser frequency precisely at ~1556.25 nm, which is close to the QPM resonance peak of the periodically poled fiber. The ~10-cm long PPSF was fabricated from a twin-hole fiber by point-to-point UV-erasure of the second-order nonlinearity induced by uniform thermal poling (T=250 o C, ~30 minutes with ~4 kV applied). The fiber geometry, the poling and erasure parameters were described in ref. [2] . The fiber laser is fusion spliced to the PPSF and the laser polarization is optimized in order to get the maximum SH power. The splice between the twin-hole fiber and the SMF28 is not optimized and estimated to be around ~6 dB, thus reducing the input fundamental average/peak power in the poled fiber to about ~6 mW/250 W. Gigantic pulses initiated through multi-cascade SBS induce second-harmonic generation in the periodically poled fiber around the QPM resonance. A typical optical spectrum of the output radiation covering almost the full range of the optical spectrum analyzer is shown in Fig.2(b) in logarithmic scale. One can see that not only the second harmonic is generated but also the fourth harmonic. Whereas the former originates from QPM of the fundamental radiation, the latter is likely to be due to SHG of the former through modal phase matching. By winding the output fiber on 4-mm cylinder we introduced spectral-dependent losses to the output fiber. In this way we filtered out completely the residual pump to select the second and fourth harmonic signals. A typical pulse train generated at ~778nm is shown in Fig.1 (b) . The SH average power was ~250 µW corresponding to ~25W SH peak power, and resulting in a peak conversion efficiency of ~10%. Further increase of the conversion efficiency exceeding ~50% could be ensured by using longer PPSF and optimization of the splice loss.
Insight into the dynamics of the SHG process was obtained by attenuating the radiation emitted by the source and by detecting it using two fast photodiodes with a specified spectral range of 900-1700 nm. The laser pulses were registered simultaneously from the main output (SH pulses) and from the ~1% tap (pump pulses). The bandwidth of registration channels is ~1GHz, the induced time delay of SH pulse relatively the pump pulse is ~3.1ns. Typical oscilloscope traces of pump and SH pulses are shown in Fig. 2(c) . One can see that the SH pulse is almost twice narrower than the pump pulse. Besides, we have checked that the SH power is not precisely proportional to the square of the pump power as it usually takes place with SH generation. The observed disparity is attributed to the specific properties of the pump pulse associated with its formation through multi-cascade Brillouin process [5] .
In conclusion, we reported second and fourth harmonic pulse generation in an all-fiber configuration comprising an erbium/Brillouin oscillator pumped by a low-power diode and a periodically poled fiber. The proposed configuration offers elegant and efficient solution for all-fiber frequency-doubled laser sources. Moreover it offers additional advantages such as compactness, robustness, low cost and all-fiber integrated format.
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